Introduction
It is well known that steels with higher strength suffer hydrogen embrittlement (HE) when corrosion takes place to the steels employed in humid conditions.
1) The phenomena have been recognized for more than many years, and a lot of researches have been conducted to understand the mechanism and to propose the methods for protection to HE. [2] [3] [4] Most of the researches have focused on the control of microstructure of the steel 5) and on the comprehension of diffusion kinetics of hydrogen in the steel. 6) However, quite few approaches to prevent HE were conducted from the viewpoint of absorption reaction of hydrogen into the steel. Understanding hydrogen absorption process is also very important to suppress susceptibility of HE, and leads to possibility of discover the 'hydrogen-passive' surface that prevents hydrogen absorption into the steel to avoid HE without any microstructural control. Our researches have been tried to understand the role of structural defects in the steel to hydrogen absorption reaction rate. The previous research aimed to recognize the effects of additional elements such as Cr and Ni and their content in Fe on hydrogen absorption reaction rate, and revealed that the additional elements enhanced the hydrogen absorption rate and Cr is more effective than Ni. 7) In the present research, the effect Effect of hardness of steels on hydrogen absorption behavior has been investigated by means of conventional electrochemical hydrogen permeation test. Empirical transient curves of hydrogen permeation current density were agreed with the theoretical one on the basis of Fick's second law with a fixed hydrogen concentration at the hydrogen absorption surface, C 0 , at any time. The fact suggests quasi-equilibrium condition to the absorption-desorption reaction of hydrogen at the surface, and that correlation between C 0 and hydrogen absorption rate. As an analytical result of the transient, a diffusion coefficient of hydrogen, D, decreased with an increase in a hardness of the steel. On the other hand, the value of C 0 increased with an increase in the hardness. There was a good positive correlation between C 0 and an inverse of D in spite of difference in the hardness and the additional element. The fact may suggest that the microstructural defects attract hydrogen both in the bulk and on the surface of the steel, and the effect promotes hydrogen ad-atom absorbing into the iron specimen.
Effect of Microstructural Defects on Hydrogen Absorption for Steels in Acidic Sulfate Solution
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of hardness (i.e., amount of microstructural defects) of steels on the hydrogen absorption rate by means of conventional hydrogen permeation test.
Experimental

Specimen
Materials used in this research were 5 steels including pure Fe. Their chemical compositions and values of hardness were summarized in Table 1 . Steels A and B were common materials distributed in the study group 'Comprehensive Understanding of Hydrogen-Passive Surface on Steels for Prevention of Hydrogen Embrittlement' established in Iron and Steel Institute of Japan. HS steel was a hot-rolled steel, and 1 500 MPa steel was the HS steel subjected to solution treatment at 1 207 K (930°C), quenching and temperng at 623 K (350°C). The 1 500 MPa steel consisted of martensitic phase with precipitate of vanadium carbide. The material sheets were cut into 40 mm × 40 mm for specimens subjected to a conventional hydrogen permeation test. The surface of the specimen was then mechanically polished by emery papers to #6/0 (corresponding to #1200).
In order to remove deformed layer on the specimen surface introduced by machining and grinding, electrolytic polishing was conducted to the specimen. H 3 PO 4 (concentration: 85 mass%) and H 2 SO 4 (concentration: 95 mass%) were mixed by 75 and 25 vol%, respectively, to prepare the polishing solution. Conditions of the electrolytic polishing were as follows; a solution temperature is 298 K, an applied potential is 1.5 V Ag/AgCl and a polishing time is 84.6 ks. After the polishing, the specimen surface was removed by about 50 μm. A thickness of the specimen was accurately measured by a micrometer. Electrolytic plating of Ni was then conducted to the specimen as described below. Watt bath (NiSO 4 ·6H 2 O: 250 kg·m ) at 333 K was employed for the plating. One side of the specimen surface was fully covered with polytetrafluoroethylene tape, and a current density of 10 A·m − 2 was applied to the specimen for 420 s in the bath. Thereafter, Ni layer of about 15 nm thick was deposited on the specimen after the report by Yoshizawa et al.
8)
Electrochemical Hydrogen Permeation Test
In the hydrogen permeation test, a Devanathan-Stachursky type cell 9) was employed. Schematic illustration of the cell is shown in Fig. 1 . The specimen was set between two cells. The cell contacting to the bare iron surface was the hydrogen absorption cell, in which an acidic or a neutral solutions were introduced. The acidic solution was H 2 SO 4 aqueous solution of pH 2. The other cell contacting to the Ni-plated iron surface was the hydrogen detection cell, in which a 0.1 kmol·m − 3 NaOH solution was introduced. All of the solutions were deaerated by N 2 gas 1.8 ks before and during the test. In each cell, an Ag/AgCl reference electrode and a Pt counter electrode was equipped, and a dual potentiostat (PS-12, Toho Tech. Res. Co.) was connected to them.
Procedure of the test was described as follows: The specimen was set between the two cells, and the NaOH solution was introduced to the hydrogen detection cell. After the solution was deaerated for 1.8 ks, a passivation potential of 0 V Ag/AgCl was applied to the Ni-plated surface. When a passivation current density reached 0.2 mA·m − 2 , the acidic solution was introduced to the hydrogen absorption cell. After a corrosion potential of the hydrogen absorption surface and a current density of the Ni-plated specimen surface were stable, the hydrogen permeation test was started by applying a given potential to the hydrogen absorption surface. A hydrogen permeation current density, i H , was calculated by a hydrogen detection current density subtracted by a steady passivation current density of Ni-plated surface.
Analysis of the Hydrogen Permeation Current Density
The change in i H with the permeation time was analyzed to obtain a diffusion coefficient of hydrogen, D, in the steel and a hydrogen concentration of the surface at hydrogen absorption side, C 0 . The empirical i H transient was in good agreement to the theoretical curve on the basis of Fick's second law in the one-dimension mode, (1) with the following initial and boundary conditions expressed by Eqs. (2) and (3), respectively, where C is a concentration of hydrogen at a given time and a given depth of the steel, t is a hydrogen permeation time, x is a depth from the hydrogen absorption surface, and L is the thickness of the steel. From the equations, D was obtained as follows, 
where F is Faraday's constant.
Results
Diffusion Coefficients of Hydrogen in the Steels
Since the i H transient in the permeation test was in good agreement to the theoretical curve on the basis of Fick's second law, values of D in the five steels were determined by Eq. (4) . The values of D for the steels were obtained by applying a few of cathodic potentials to the hydrogen absorption surface, and average values were calculated. These coefficients were plotted against Vickers hardness, and shown in Fig. 2 . It was found that D decreased with an increase in the hardness, and the tendency was similar to that reported by the other researchers. 10, 11) 
Hydrogen Concentration at the Hydrogen Absorption Surface
From the hydrogen permeation test, cathodic polarization curves at the hydrogen absorption surface were obtained, and the results were shown in Fig. 3 . It was found in this figure that the hardness showed almost no effect on the cathodic current density at the hydrogen absorption surface, i c , indicating reduction of proton to hydrogen. Since the hardness was attributed from microstructural defects such as vacancies, dislocations, interstitial atoms, substitutional atoms and precipitations, this fact suggests that the defects have no effect on enhancement or suppression of hydrogen generation reaction.
From the same test, correlation between C 0 and a potential applied to the hydrogen absorption surface was obtained. The results were shown in Fig. 4 . It is obvious in this figure that a larger C 0 was obtained when a lower cathodic potential was applied to the specimen surface, and C 0 increased with an increase in the hardness.
Discussion
Estimation of Hydrogen Absorption Rate
So far, the chemical process during the hydrogen permeation test including the evolution and the absorption reactions of hydrogen has been considered as below: Proton or water molecular changes to ad-atom of hydrogen on the hydrogen absorption surface at a cathodic potential by discharge reactions; (6) where H ad is ad-atom of hydrogen on the steel surface. There are two reactions to change from the ad-atoms to molecular hydrogens; (9) where H ab is absorbed hydrogen. H ab diffuses into inside of the steel based on Fick's second law of Eq. (1), and then the rate at which H ab reaches the hydrogen detection surface, i.e., hydrogen permeation rate, is electrochemically measured as a current density. As mentioned before, the hydrogen permeation test exhibited that the empirical i H transient was in good agreement to the theoretical one calculated by Eqs. (1) to (3) of Fick's law with the conditions. The fact strongly indicates that the permeation process always takes place under the boundary condition of Eq. (3). In other words, C 0 rapidly achieves the concentration which is determined by the applied potential and the solution conditions and remains during the test. 12) In this research, it is desired that a maximum value of the hydrogen absorption rate for Eq. (9) is obtained, and it seems that i H (t=∞) represents a hydrogen absorption rate. However, i H (t=∞) is not a sufficient index for evaluating hydrogen absorption rate. When the same cathodic potential is applied to the specimens with different values of thickness, i H (t=∞) changes with a specimen thickness. The results deny that i H (t=∞) represents the hydrogen absorption rate because the rate should be independent of specimen thickness.
Rapid achievement of C 0 fixed by the applied potential and the solution conditions in the permeation test are able to presume quasi-equilibrium state of the hydrogen absorption-desorption reaction for the steel relating to Eq. (9). This quasi-equilibrium state provides that a reaction rate of hydrogen absorption, v ab , is the same as that of hydrogen desorption, v de . In the case that the both rates can express the first order against hydrogen concentration, that is, (11) where k + 9 and k − 9 are forward (absorption) and backward (desorption) reaction for Eq. (9), respectively, and θ ad is a fraction of surface coverage by adsorbed hydrogen. Therefore, the quasi-equilibrium state provides the following equation, (12) where K is an equilibrium constant for Eq. (9). Equation (12) indicates that a larger C 0 /θ ad leads a larger k + 9 /k − 9 , meaning acceleration of hydrogen absorption rate or suppression of hydrogen desorption rate. A cathodic current density on the hydrogen absorption surface, i c , is defined generally as follows, (13) where k + 6 is a reaction rate constant for Eq. (6), a H + is an activity of proton in the solution, α is a transfer efficient, η is an over voltage regarding hydrogen generation reaction, R is a gas constant, and T is a temperature. As already shown in Fig. 3 , i c at a given potential in the solution was almost independent of the hardness. The fact suggests that θ ad is also almost independent of the microstructural defects. On the other hand, C 0 at a given potential in the solution seemed to be dependent on the defects as shown in Fig. 4 . Since C 0 is considered to correlate positively with K, i.e., a ratio of v ab to v de , the effect of hardness on C 0 was tried to be discuss from the viewpoint of hydrogen absorption rate hereafter.
Hydrogen Absorption Rate Depending on Hardness
The correlation between C 0 and the hardness was confirmed as shown in Fig. 5 . The values of C 0 were obtained from the permeation tests at various applied potentials. The figure remarkably exhibited that C 0 increased with an increase in the hardness. The increase in C 0 means enhancement of K, i.e., a ratio of v ab to v de . Therefore, the facts suggest that absorption rate increases and/or desorption rate decreases with an increase in the microstructural defects.
The behavior of absorption-desorption of hydrogen depending on the hardness seems to be related to that of diffusion coefficient, D, as shown in Fig. 2, i. e., D decreased with an increase in the hardness. Therefore, correlation between C 0 and D was confirmed as shown in Fig. 6 . The values of C 0 in Figs. 6(a) and 6(b) were obtained from the permeation tests at an applied potential of − 2.0 and − 1.0 V Ag/AgCl , respectively. In addition, the data obtained from the permeation test of the Cr-and the Ni-added iron in the sulfate solutions of pH 2 and 6. It was clearly found that C 0 increased positively with an increased in the inverse of D, in spite of hardness and kind of additional element. It is known that most of microstructural defects such as vacancies, dislocations, interstitial atoms, substitutional atoms and precipitations in the steel act as sites of trap for hydrogen in the steel to suppress the hydrogen diffusion. Therefore, the feature of microstructural defects for attracting hydrogen may be applicable to the hydrogen absorption process, that is, the defects existing on the hydrogen absorption surface attract adsorbed hydrogen around themselves, fix it for a while, and then make hydrogen absorbing. In addition, the defects are considered to suppress the desorption rate of hydrogen from the surface because of the same attracting effect of the defects to hydrogen. In other words, the defects may enhance hydrogen absorption rate and/or suppress hydrogen desorption. The feature of the microstructural defects can explain the permeation behavior in the steady state as shown in Fig. 5 . 
Conclusions
Effect of hardness of the steels on hydrogen absorption behavior has been investigated by means of conventional electrochemical hydrogen permeation tests. The results were summarized as follows.
• A diffusion coefficient decreased with an increase in the hardness.
• Quasi-equilibrium state to the absorption-desorption reactions of hydrogen at the hydrogen absorption surface was presumed at any permeation period, and then correlation between hydrogen absorption rate and concentration of hydrogen at the hydrogen absorption surface, C 0 , was pointed out.
• C 0 increased with an increase in the hardness.
• The microstructural defects was suggested to attract hydrogen, and the effect leads enhancement of hydrogen absorption into and/or suppression of hydrogen desorption out of the steel specimen.
